Much of what is known about the neurobiology of learning and memory comes from studies of the average behavior. In contrast, intersubject differences that emerge within groups are difficult to study systematically and are often excluded from scientific discussion. Nevertheless, population-wide variability is a virtually universal feature of both complex traits, such as intelligence, and hardwired responses, such as defensive behaviors. Here, we use outbred rats to investigate if cAMP response element-binding protein (CREB), a transcription factor that has long been known in experimental settings to be crucial for associative plasticity, participates in natural memory phenotypes. Using a combination of behavioral, biochemical, and viral techniques, we show that a subset of rats with trait-like deficits in aversive memory have basally reduced CREB activity in the lateral amygdala but can be induced to perform at average levels by directly or indirectly enhancing pretraining CREB phosphorylation. These data suggest that endogenous CREB activity in the amygdala may set a critical threshold for plasticity during memory formation.
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individual differences | fear conditioning | novelty T he neurobiology of long-term memory (LTM) has been studied at length through the lens of experiments designed to induce changes, on average, in the majority of individuals. In contrast, considerably less research has focused attention on the biology associated with behavioral outcomes that deviate from the norm. LTM formation is an essential and highly conserved cellular process, yet it is also variable: both inbred and outbred rodent strains are widely observed to differ substantially in their capacities to learn and retain associations (1, 2) . In experimental settings, these differences appear more often as a hindrance than as a subject of research; however, understanding the mechanisms that give rise to outliers may provide key insights into the biological constraints on, and requirements for, normal mammalian cognition.
Outbred Sprague-Dawley rats individually differ on numerous cognitive measures (3), including LTM strength, which appears to be normally distributed (4, 5) . Such differences likely represent a product of both heritable genetic traits and experiencedependent epigenetic and developmental programming. These factors have previously been shown to contribute to phenotypes such as novelty seeking (6) , impulsivity (7), aggressiveness (8) , anxiety, resilience (9) , or susceptibility to stress (10) . However, little is known about how basal expression of plasticity-related proteins (PRPs) relates to stable phenotypes revealed during normal learning.
During Pavlovian threat (fear) conditioning, an aversive unconditioned stimulus (US, i.e., footshock) and a neutral conditioned stimulus (CS, i.e., tone) concurrently activate sensory pathways that synapse onto common lateral amygdala (LA) neurons, leading to an increase in CS value (11) . This process activates numerous molecular cascades that regulate gene expression required for memory consolidation (12) . The transcription factor, cAMP response element binding protein (CREB), is widely viewed as a core component of this machinery, important for the integration of convergent intra-and extracellular signals (13, 14) . The transcriptional regulation of plasticity-related genes is particularly associated with phosphorylation of CREB on ser133, which correlates with both physiological and behavioral measures of plasticity (15) (16) (17) . Moreover, functional CREB augmentation can enhance associative plasticity, network excitability (18, 19) , and the likelihood of neuronal participation in memories (20) (21) (22) , whereas genetic and pharmacological attenuation of CREB function lead to neuroplasticity impairments (23) (24) (25) (26) (27) .
Despite CREB's established importance for synaptic plasticity, its endogenous contributions to memory are not well characterized. Here, we investigate the link between basal CREB phosphorylation and natural phenotypic variability in nonpathological fear memory among genetically heterogeneous rodents. In particular, we focus on biochemical differences that emerge in rats with extreme behavioral traits associated with aversive memory. These data support the idea that amygdala CREB activity may regulate individual differences in a threshold for plasticity that can be shifted by exposure to stimulating environmental experience.
Results
Distribution of Phenotypes in Outbred Rats. Freezing elicited by an aversive CS is a highly reproducible measure in rodents and known to correlate tightly with physiological and neural processes associated with aversive learning (28) . Although individual differences in freezing are generally observed in rodent groups, it is unclear how state-dependent factors (i.e., stress, fatigue, etc.) that do not reflect traits influence the distribution of behaviors. Here, we initially asked what percentage of individual rats show stable, or trait-like, CS-elicited freezing when trained using two different moderate threat (fear)-conditioning protocols, given on separate occasions (Fig. 1A) . All rats were trained twice in separate contexts with six 20-s presentations of either a 5-kHz tone or a 0.2-Hz flashing light (CS), each coterminating with a mild 0.6-mA footshock (US). As a population, rats showed typical acquisition of stimulus-elicited freezing, with no significant Significance Most studies in neuroscience focus on average, or typical, behavior; however, much less is known about how neurobiological differences between individuals contribute to their cognitive and emotional characteristics. In this study, we use outbred rats to investigate if CREB, a key protein required for memory formation, participates in the natural emergence of memory-related individual differences. We show that CREB is activated at lower levels in rats with trait-like deficits in emotional memory. Thus, even in genetically diverse populations, naturally occurring differences in the function of specific proteins may contribute to defining common behavioral traits. effects of stimulus type, CS order, or session sequence (Fig. 1B) . Tone and light LTM for both the original population (n = 80) and the stable subset (n = 59) were significantly correlated (Fig.  1C ). In addition, neither LTM test distribution significantly deviated from expected normal values, and both data sets correlated well with values drawn from an ideal cumulative distribution (Fig. S1 , Left and Right). To identify rats with traitlike (i.e., predictable) behavioral performance, we defined criteria to differentiate stable from erratic performers (Materials and Methods). Sixteen percent of rats fit our definition of erratic and were excluded from biochemistry. In addition, eight additional rats were excluded for poor initial learning (mean <40%) to minimize interaction between deficits in acquisition and memory (Fig. 1C) . Thus, rats identified as phenotypically stable were defined as individuals from the original population that learned the task and showed predictable performance on two LTM measures (Fig. 1D , Upper, tone; Lower, light). Analysis of each distribution confirmed that both stable and parent populations met criteria for normality [Kolmogorov-Smirnov (K-S) test].
Basal Differences in Amygdala CREB Activation. Although numerous inbred mouse strains have been genetically and biochemically differentiated (29, 30) , relatively little is known about baseline variability in PRP expression among healthy, genetically unrelated individuals. Here we used Western blots to compare levels of PRPs in LA tissue from randomly selected naive rats ( Fig. 2A) . We focused specifically on proteins known to be translated and/or activated in response to memory-related cellular signals, including phospho-CREB-Ser133 (pCREB), probrain derived neurotrophic factor (proBDNF), c-Fos, and phospho-extracellular signal-regulated kinase (pERK). Quantification of the bands of interest revealed significant differences in protein-to-protein variances among these targets across individuals in a cohort (Fig. 2B) . Levels of total CREB varied significantly more than levels of total ERK, and relative measures of pCREB (pCREB/CREB) varied significantly more than other biochemical ratios. Based on this observation, we asked if the distribution of pCREB/CREB fit a Gaussian distribution and satisfied the K-S criteria for normality. Western blot analysis of pCREB in naive rats (n = 12) indicated that population-wide measures were statistically consistent with standard values drawn from a normal distribution (Fig. 2C ) although it is important to note that, compared with behavioral groups, protein distribution analyses involved smaller samples; thus, interpretations of these interindividual data may be limited. We also asked if variability in CREB correlates with trait-like differences in amygdala-dependent emotional memory. To obtain baseline estimates of protein levels, rats identified as behaviorally stable (Fig.  1C) were separated into three phenotypic categories: high (H-LTM), middle (M-LTM), and low (L-LTM) (Fig. 3A ). Groups were assigned using a composite LTM score derived from two light + two tone trials, and all three groups were significantly different on both tone and light LTM measures (Fig. 3A) .
Interestingly, despite stable differences in fear LTM, none of the phenotypic groups differed significantly in the elevated plus maze, which tests anxiety-like behavior (Fig. 3B) . Thus, phenotypes analyzed in the current study are unlikely to reflect a general difference in arousal or aversion. We also asked if H-and L-LTM rats differed in expression of hippocampus (HPC)-dependent contextual memory because the HPC is strongly implicated in spatial and temporal aspects of memory consolidation. Rats expressing high (n = 5) and low (n = 5) cue-elicited aversive memory (hippocampus-independent) were therefore tested for context fear (Fig. S2) ; however, these groups did not significantly differ.
To relate baseline biochemistry with behavior, a subset of stable H-LTM (n = 6) and L-LTM (n = 8) rats were killed 30 d after their last memory test, and LA tissue was extracted for Western blots (Fig. 3C ). In addition, tissue was extracted from a small group of M-LTM rats (n = 4) for general comparison. Blots from previously trained rats were probed for pCREB, CREB, and pERK. Results of these analyses revealed significantly higher baseline levels of pCREB/CREB in LA protein from H-LTM rats, relative to both L-LTM and M-LTM rats (Fig. 4A) . Unexpectedly, we also observed higher levels of total amygdala CREB and c-fos in M-LTM performers compared with H-and L-LTM rats (Fig. 4B ). In addition, levels of pCREB/ CREB were significantly correlated with LTM strength across phenotypes (Fig. 4C) , whereas pERK/ERK did not significantly distinguish any group. Although data from this population subset were relatively limited, the observed difference in total CREB among rats near the center of the distribution highlights the potential significance of relative, as opposed to absolute, levels of pCREB with respect to CREB. Using tissue from the same H-and L-LTM rats, we also measured pCREB/CREB levels in the HPC, another brain area known to be important for learning and memory. We observed a noteworthy, although nonsignificant, trend toward inverse correlation (Pearson's R = −0.641, P = 0.087) between pCREB/ CREB ratios in HPC and cue-elicited freezing (Fig. S3 ).
LTM Priming with Spatial Novelty. CREB has previously been shown to influence neuronal excitability; therefore, we asked if increasing CREB in rats with poor behavioral performance would lower their threshold for memory consolidation, allowing them to perform at average levels (31) . To test the idea that transient enhancement of CREB activity might selectively reduce the threshold for consolidation in L-LTM rats, we used a procedure for novelty "priming," similar to that previously shown to facilitate consolidation of weak learning (32) . Past studies have found that exposure to spatial novelty shortly before subthreshold training or stimulation can facilitate CREB-dependent gene expression, natural memory formation, and artificially induced plasticity (32) (33) (34) . Here, we asked whether novel box exposure before training could similarly enable memory formation in rats with trait-like impairments in memory retention after standard training conditions (Fig. 5A) .
We first confirmed that novelty exposure was sufficient to induce a general increase in LA pCREB 1 h later. Compared with naive rats (n = 5), rats exposed to novelty for 15 min (n = 4) expressed significantly higher levels of LA pCREB 1 h later (Fig.  5B) . We then repeated the same dual-training procedure; however, this time, rats received a 15-min novel box exposure 1 h before session 2 (s2) of training. Thus, phenotypes were assigned based on memory of the unprimed training session 1 (s1), with the top and bottom 30% of individuals populating the L-LTM and H-LTM groups, respectively.
In LTM test s1 (before priming), all groups significantly differed in behavior (Fig. 5C, ANOVA, F (2,17) = 56.475, P < 0.0001); however, in LTM test s2, all a priori phenotypic differences between subgroups were abolished (ANOVA, P > 0.05). Interestingly, despite the effect of novelty on population variance, it did not significantly affect the group mean. Rather, L-LTM, but not M-or H-LTM, were enhanced by pretraining novelty exposure; thus, M-LTM rats remained unchanged as a result of priming, whereas H-LTM rats showed a nonsignificant trend toward diminished freezing (Fig. 5C ). Taken together, we found that brief exposure to spatial novelty normalized the previously significant difference between phenotypes and significantly reduced the overall variance of the group (Fig. 5D ). These effects were not due to cross-training interactions, as rats in an unprimed control population showed no significant phenotype difference or shift in population variance between s1 and s2 (Fig. 5D , Right, n = 14, F-test, s1 vs. s2: F = 1.158, P > 0.05).
In addition, we asked if the effect of novelty on weak memory was association-specific or if rats performing poorly in s1 would also perform poorly after retraining. To address this question, rats were subjected to a third session (s3) of unprimed training 2 wk later (CS = white noise). Consistent with the idea of memory-specific priming, L-LTM rats, which expressed improved memory in s2, returned to poor performance in s3. (Fig. 5C , Inset). Moreover, compared with s2, the s3 population variance was significantly greater and did not differ from the population variance of behavior in s1 (F-test, s1 vs. s3: F = 1.20, P > 0.05). To biochemically corroborate this finding, we also collected protein samples from L-LTM and H-LTM individuals 30 d after training in s3. As in our initial observation, ratios of pCREB/CREB in L-LTM (n = 5) rats remained generally lower than in H-LTM (n = 6) rats, despite falling just short of statistical significance ( Fig.  5E , P = 0.061). Thus, L-LTM rats expressed improved memory when exposed to spatial novelty 1 h before conditioning, yet they reemerged as poor performers after retraining 2 wk later and showed a trend toward lower LA pCREB/CREB ratios at 30 d.
As a follow-up question, we also asked if L-and H-LTM rats express acute differences in pCREB/CREB 1 h after novel box exposure coinciding with the time of training (Fig. 5 B-D) . We therefore analyzed LA protein collected from separate groups of rats killed 1 h (rather than 30 d) after novelty (Fig. 5F ). Quantification of blots from 1-h and 30-d samples run in parallel suggest that box-exposed L-LTM rats had significantly higher levels of pCREB/CREB 1 h later compared with L-LTM rats killed under baseline conditions. In contrast, H-LTM rats did not show a significant box-induced increase in pCREB/CREB at 1 h relative to baseline (30 d) H-LTM counterparts. Thus, novelty appeared to exert an acute affect on pCREB expression, which more dramatically affected L-LTM rats (Fig. 5F ).
Low LTM Expressers Are Selectively Augmented by CREB Y134F . To test the direct effect of enhanced CREB function in L-LTM rats, our final experiment used intra-LA microinfusions of an HSV viral vector to express constitutively active CREB Y134F in rats with strong LTM phenotypes. Published research has shown that N terminus fusion of CREB with GFP does not compromise CREB activity (35) , and studies using similar methods have reported increased CREB activity and CRE-mediated transcription (36, 37) . We hypothesized that, like box exposure, direct viral enhancement of CREB function before learning might be sufficient improve memory in L-LTM rats. Four days before viral infusion, rats were trained, tested, and assigned to either group 1 (L-LTM, lowest 30%) or group 2 (M/H-LTM, upper 60%). Following this preinfusion test of LTM, rats from both groups received intra-LA infusions of either HSV-GFP (GFP, n = 13) or HSV-GFP-CREB Y134F (CREB Y134F , n = 11, Fig. 6A ). Two days after viral infection, all rats received a second round of training, and LTM was tested 24 h later. Comparison of pre-vs. postinfusion LTM revealed a significant main effect of phenotype but no main effect of CREB Y134F (P > 0.05). We did, however, observe a significant interaction between viral construct and phenotype, such that postinfusion memory was enhanced only among L-LTM rats receiving CREB Y134F (Fig. 6B) . Moreover, preinfusion behavioral differences between phenotypic groups were abolished for memory acquired after CREB Y134F expression. In contrast, performance among L-LTM controls infused with HSV-GFP remained significantly lower than M/H-LTM rats when tested for memory acquired after HSV infusion.
Discussion
Individuals with outlier behavioral phenotypes represent an important, but under-studied subset of normal populations that could provide critical insights into our understanding of normal cognition as well as behavioral pathology. Such individual differences are likely the result of genetic, epigenetic, and developmental events that influence both internal homeostatic properties and external stimulus-driven responses (38) . However, most relevant studies to date have focused either on genetically amplified traits or on acute responses to experience-dependent activity. In contrast, few studies have analyzed stable differences in basal biochemical properties with respect to natural (noninbred) behavioral traits. Here we show that CREB, which has long been implicated in basic mechanisms for neuronal plasticity and excitability (18) , may also function as an endogenous regulator of innate cognitive and emotional characteristics. Our biochemical data further suggest that relative ratios of endogenous pCREB/CREB may better predict behavior than either pCREB or CREB levels alone. Moreover, these data raise questions about how averageperforming individuals differ from those on the extremes in terms of behavioral flexibility, biochemical profile, and systemslevel circuit dynamics. Future investigation will be needed to determine if endogenous variability in pCREB/CREB ratios also corresponds to differentially distributed pools of protein within individual amygdala neurons.
The current findings also raise questions about how CREB and other downstream plasticity-related proteins, in conjunction with neuromodulators such as dopamine, coordinate network interactions across brain areas. The tendency for hippocampal and amygdala pCREB/CREB to relate oppositely to cued behavioral responses suggests that competitive or homeostatic mechanisms may be important for balancing plasticity at interconnected sites. This observation also mirrors patterns reported in other circuits and is consistent with the theory that feedback between anatomically distinct neural circuits is essential for healthy cognition. Given that threat-related pathologies are often marked by excessive cue responsiveness coupled with impaired context discrimination, further investigation of hippocampalamygdalar biochemical relationships would be informative.
Finally, we find that, although generally stable across time, individual plasticity can be transiently facilitated either with exposure to spatial novelty or with direct augmentation of amygdala CREB function by viral overexpression. Together, these data indicate that the canonical involvement of CREB in plasticity-related transcription (39) extends to the control of natural memory efficacy and that common downstream protein-signaling dynamics may contribute to core behavioral attributes, even among genetically distinct individuals.
Materials and Methods
Subjects. All procedures were conducted in compliance with the National Institutes of Health Guide for the Care and Use of Experimental Animals and the New York University Animal Care and Use Committee. Male SpragueDawley rats (250-300 g, Hilltop Lab Animals) were individually housed on a 12h/12h light/dark cycle with food and water ad libitum for the duration of experiments.
Behavior. Rats were habituated, trained, and tested in yoked sound-insulated conditioning chambers and recorded with infrared digital cameras (Coulbourn Instruments, Graphic State 2). Sequential (counterbalanced) tone and light conditioning sessions were given 1 wk apart. In each session, rats were habituated to the training box for 30 min the day before training. Training consisted of 290 s of acclimation followed by six CS presentations (either a 5-kHz, 80-dB tone or a 0.2-Hz flashing light) coterminating with a 0.5-s footshock US (0.6 mA; mean intertrial interval = 120 s). The LTM test entailed two CS presentations in a novel context, given 1 d after training. Rat identification numbers were coded, and freezing was scored manually by a blind rater. In experiments with novelty, rats received 15-min in a novel box 1 h before training. For postnovelty biochemistry, rats received a 15-min novelty exposure 1 h before decapitation. Phenotype/Exclusion Criteria. For the initial biochemistry and population-wide distribution, rats were omitted from the "stable" subset used for biochemistry if (i) learning was impaired, as indicated by a mean acquisition score of <40% across trials 2-6 of tone and light sessions (10-trial mean) or (ii) mean tone and light LTM measures were "erratic," or deviated more than one SD from the mean difference for jlight -tonej. After applying these exclusions, rats were subdivided into low, middle, and high phenotypic categories according to their composite LTM score, defined as the mean of all light and tone test trials. Rats were considered L-or H-LTM if their composite LTM scores were >1*SD from the mean (large population analysis) or were in the top/bottom 30% of the group (smaller behavior experiments). Both standards identified characteristically similar individuals. Viral Constructs. CREB Y134F and the control gene, LacZ, were fused with a GFP reporter under control of the constitutive IE 4/5 HSV promoter. Genes of interest were cloned into the HSV amplicon (HSV-PrpUC) and packaged using a replication-defective helper virus (with 5dl1.2 deletion) as previously described (40) . Virus was purified on a sucrose gradient, pelleted, and resuspended in 10% sucrose. Viral Infusions. Rats were assigned to groups based on light LTM scores. Two days later, rats received intra-LA infusions of HSV-GFP or HSV-GFP-CREB Y134F . Three days postinfection (7 d posttraining), rats were trained in a different context and tested the next day. Following completion of behavior, rats were perfused and brains were cut at 40 μm and mounted to confirm injector placements and GFP expression (ProLong-Gold Antifade with DAPI, Invitrogen). Rats were excluded either if the injector missed the LA or if GFP was absent. Images were acquired by epifluorescence and coded to conceal experimental groups. Regions of interest were drawn around the amygdala in ImageJ, and DAPI was used to guide anatomical boundaries. Infection rates were calculated from manual cell counts of GFP/DAPI.
Western Blotting. Rats were deeply anesthetized with 25% chloral hydrate (wt/vol) and decapitated for fresh LA tissue extraction. Briefly, freshly removed brains were horizontally bisected at the level of the rhinal fissure, and LA tissue was removed in whole-nucleus form using a 1-mm curette (Fig.  S4) . Protein homogenates were prepared by sonication in ice-cold buffer [50 mM Tris·HCl, pH 7.5; 150 KCl; 1 DTT; 1 EDTA; protease and phosphatase inhibitor mixtures (Sigma)]. Protein concentrations were determined by bicinchoninic acid assay protein assay (Pierce). Samples were prepared for SDS/PAGE on 4-12% (wt/vol) acrylamide gel (Invitrogen) and transferred to PVDF. Blots were blocked in 0.2% iBlock and incubated with anti-phopho-(ser133)-CREB IgG, phospho-42/44-ERK, and/or total ERK p42/p44 (Cell Signaling). Twenty-four hours later, blots were treated with an HRP-conjugated secondary IgG (Promega), and protein bands were detected by chemiluminescence (ECL-Plus; GE Healthcare) on a KODAK 4000MM imager. Blots were stripped overnight [25 mM glycine, 2% (wt/vol) SDS, pH 2.0] and reprobed with total CREB IgG and/or GAPDH and histone H3 (Cell Signaling). Bands were visualized on a Kodak imager and quantified using GelEval software (FrogDance).
Statistics. Differences were significant if P < 0.05. For data analyzed by ANOVA, a Fisher least significant difference post hoc test was used for significant main effects, and a Bonferroni post hoc correction was used for significant interactions in the absence of main effects (or when more than three comparisons were involved). For population data, normality was verified with the K-S test, and variances were compared by F-test. For Western blots, local background was subtracted from the sum pixel value of each band, and differences were normalized to a measure of total protein on the same blot (GAPDH or histone H3). Final values were calculated as a mean of two to four replications/sample, and statistical outliers were defined as samples >2*SD from the mean on repeated runs. One H-LTM tissue sample with very high pCREB band intensity was excluded using these criteria.
